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Sol gel technology has been widely applied in industry as it offers a number of 
important advantages such as low temperature and mild reaction conditions, ability to 
produce castable, flexible materials when precursors containing organic groups are 
employed. Fillers are also easily incorporated into the flexible matrix, which makes the 
method interesting for producing materials to specific applications. Organic/inorganic 
composites prepared by the sol gel method are mostly used as coatings for different 
purposes, while a few of them are used to prepare bulk materials for waveguide and 
micro-electro-mechanical-system (MEMS) applications to produce ceramic 
microcomponents. Sol gel composites have recently been exploited for tooling 
applications, but few research works are reported. 
 
In this project, crack-free and castable organic/inorganic composites filled by ceramics 
or stainless steel particles have been developed, which offer a very high resistance 
against thermal degradation below 400oC and moderate mechanical properties. 
Incorporation of metallic fillers to organic/inorganic sol gel matrix is a new approach 
to prepare sol gel composite. Electroless nickel (EN) layer has been successfully 
deposited on the stainless steel filled composites with perfect adhesion between the EN 
layer and the composite. The composites prepared by the above method might be a 
good candidate for tooling materials. 
This research work started from preparation of organic/inorganic sol gel matrix system. 
A combined sol-gel precursor of methyltrimethoxysilane (MTMS) and dimethyl-
dimethoxysilane (DMDS) was used for the sol gel system. A flexible and crack-free 
sol gel matrix system was prepared by the combined precursor at a molar ratio of 
 viii 
DMDS/MTMD 0.175 in the sol gel matrix. The cracking of gels occurs when the 
molar ratio is less than 0.15 or more than 0.1875. Careful aging and drying in a 
covered dish must be carried out to prevent warping of gels.  
Following this, ceramic fillers such as silica, silicon carbide were incorporated into the 
organic/inorganic sol gel matrix. The optimized volume fraction of the ceramic fillers 
in the composites is 30%, with moderate mechanical and thermal properties. Different 
metallic fillers were incorporated into the sol gel matrix. Composites filled with a 
combination of irregularly and sphere-shaped stainless steel particles of different size 
achieved both moderate mechanical strength and surface roughness. Re-filling of the 
cured composite with the sol gel solution improved its microstructure and increased 
the mechanical strength significantly.  
The organic/inorganic composites filled by both ceramics and stainless steel particles 
are thermally stable up to 400oC. The thermal conductivity for stainless-steel-filled 
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CHAPTER 1: INTRODUCTION 
The sol gel process describes a chemical route to produce oxide ceramic materials by a 
wet chemical process, which includes preparation of a sol, gelation of the sol, and 
removal of the solvent (Brinker and Scherer, 1990). These oxide materials can be in 
the form of coatings, fibers or bulk materials. Heat treatment is required to densify 
these materials.  
The sol gel process has received much attention in materials research because it offers 
a number of advantages over conventional ceramics processes (Wright and 
Sommerdijk, 2000). Firstly, the temperatures required for all stages except 
densification are low, frequently close to room temperature, whereas conventional 
preparation routes for ceramics requires the solid precursors to be heated to above their 
melting points. Secondly, the precursors such as metal alkoxides and alkyl/alkoxides 
are easily purified to very high level. This will help to obtain the high-purity products.  
Thirdly, by using organometallic precursors containing polymerisable organic ligands, 
materials may be produced which contain both inorganic and organic polymer 
networks. Generally, the organic modification improves the flexibility of the gel 
(Krihak and Shahriari, 1996). Inorganic and organic fillers are also easily incorporated 
into the sol gel matrix to form hybrid composite materials. Fourthly, the sol gel method 
allows the structure to be controlled on a molecular scale (Santos and Vasconcelos, 
1999). Highly porous materials and nanocrystalline materials may be prepared in this 
way for different applications. Fifthly, since liquid precursors are used it is possible to 
cast ceramic materials in complex shapes and to produce thin films, fibers and 
monoliths without the need for machining or melting (Wright and Sommerdijk, 2000). 
Other advantages include mild chemical reaction conditions during the process and 
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good quality of optical materials obtained by the sol gel method, etc. These advantages 
of sol gel processing provide enormous potential for producing new type of materials 
with specific properties which are difficult or impossible to obtain using the traditional 
ways.  
Despite all these advantages, sol gel process has its limitations. The precursors are 
sensitive to moisture, limiting large scale production especially for the application of 
optical coatings. The process is also time-consuming where careful aging and drying 
are required for producing monoliths or bulk materials (with the exception of coatings 
and films). Finally the technological challenges include large shrinkage of gels and 
stress cracking in drying and densification (Mackenzie, 1995). These limitations 
emphasize the need to optimize sol gel processes through some innovative research 
and development when problems are encountered in specific applications.  
Rapid prototyping (RP) refers to a generic group of emerging technologies that enable 
very quick fabrication of engineering components primarily targeted for prototyping 
applications (Lu et al., 2001). The tooling produced via RP techniques is often termed 
rapid tooling (RT).  
Tools may be used once only, as in the case of wax moulds used in investment casting, 
or they can be used repeatedly for short or long manufacturing runs, which depend on 
the materials used for toolmaking. RT processes can be studied under three different 
headings such as soft tooling, hard tooling and bridge tooling. Tooling for short 
manufacturing runs is often known as soft tooling. These tools are often made from 
materials such as silicone rubber, epoxy resins, low melting point alloys or aluminium, 
which are easy to work with and cheaper than hard tooling steels (Atkinson, 1968). 
Tooling for longer manufacturing runs is known as hard tooling, which usually makes 
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use of hard tooling steels. Bridge tooling is a middle ground solution where hard 
tooling is not economically justified and the soft tooling cannot meet the longer run 
requirements. It fills the gap between the soft and hard tooling. The typical examples 
for bridge tooling are Direct AIM (ACES Injection Molding), SL composite tooling 
and epoxy tooling.  As above-mentioned, many processes and materials have been 
commercialized but may not fulfill the specific requirements of particular applications. 
Therefore, research on new material compositions and characterization, coupled with 
appropriate design and control of process parameters, is expected to play an increasing 
important role in RP and RT development (Lu et al., 2001). 
As aforementioned, sol gel process offers a number of advantages such as the ability to 
produce castable, flexible materials, when precursors containing polymerisable organic 
ligands or modified by organometallic precursors are employed. Fillers are also easily 
incorporated and processing can be conducted using low temperature and mild 
chemical reaction conditions. This makes it possible for us to design and develop 
organic-inorganic composites prepared by sol gel technology for tooling applications 
with higher performance compared with the tools produced by other bridge tooling 
techniques such as epoxy tooling. It has been reported that maximum application 
temperature of epoxy tooling materials is 150oC because it is close to the glass 
transition temperature of epoxy which is 158oC (Connolly et al., 1999). It is predicted 
that tooling materials developed by sol gel method can be applied at a higher 
temperature compared with epoxy tooling materials. 
The objectives of this research are: (1) to develop crack-free and castable organic-
inorganic composites filled by ceramics or metal particles through a sol gel method, (2) 
to investigate the effect of different molar ratio of the combined precursors on the 
performance of the sol gel matrix, (3) to study the effect on the properties and 
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microstructure of the composites filled by different types and volume fractions of the 
particles, (4) to find out a proper wet chemical process to apply an electroless nickel 
layer on the surface of the metal filled hybrid composite materials. This thesis 
comprised of six chapters.  
Chapter One provides a brief introduction to the dissertation. The research objectives 
are also given. This is followed by a more detailed literature survey in Chapter Two. 
The sol gel chemistry and its applications are presented in Chapter Two.  
The sol gel matrix system prepared by combined sol gel precursors, 
methyltrimethoxysilane (MTMS) and dimethyl-dimethoxysilane (DMDS) is presented 
in Chapter Three. A simple and low-cost process method for preparing the organic-
inorganic matrix is stated in the chapter. The effect of molar ratio of the two precursors 
in the matrix on the appearance of the formed green parts is also discussed. 
In Chapter Four, different types of ceramic fillers such as silica, silicon carbide, titania, 
alumina and mixtures of thereof incorporating organic/inorganic composites are 
described. The microstructure and mechanical properties of these composites are 
discussed. The effects of the volume fraction of ceramic fillers on the mechanical and 
physical properties are also investigated. A simple efficient method to incorporate the 
fillers to the sol gel matrix is described in the chapter. 
In Chapter Five, metal particle-filled organic-inorganic composites are studied. The 
purpose of incorporation of metal fillers instead of ceramic ones into the sol gel matrix 
is to increase the thermal conductivity of the composites. Effects of different types (in 
materials, size and shape) of metal fillers on the mechanical and physical properties of 
the composites are also investigated in the chapter. A process to apply an electroless 
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nickel layer on the metal-filled organic-inorganic composites is described in the 
chapter as well. 
Finally, the general conclusions drawn from this research project are summarized in 
Chapter Six. Some recommendations for future research related to this work are also 
included in this final chapter. 
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CHAPTER 2 : LITERATURE REVIEW 
2.1 Sol gel Synthesis 
Sol gel science and technology are by no means of recent origins. The related early 
ceramic technologies such as pottery or clay-based bricks, mortar, and glazing can be 
traced back to 3000-1000 B. C. (Wood and Dislich, 1995). However, many of these 
technologies became lost. Probably the next significant development was the discovery 
of “water glass” by Helmond in 1644 (Wright and Sommerdijk, 2000).  The synthetic 
silica gels were first reported by Ebelmen in 1844 (Brinker, 1988).  This led to a lot of 
applications similar to those of today’s sol gel chemistry. The explosion of sol gel 
science and technology was initiated in the late 1970’s. In the period 1970-1980, 
approximately 40 papers were published on this topic. By 1984, there were totally 300 
papers and by 1994, the total number of publications approached 6000 (Mackenzie, 
1995).  
The term sol gel is broadly used to describe many aspects of the chemical synthesis 
and processing of inorganic and organic/inorganic composite materials. In general, sol 
gel materials are prepared via sol gel processing involving the generation of colloidal 
suspensions (“sol”) which are subsequently converted to gels and thence to solid 
material (Brinker and Scherer, 1990, Wright and Sommerdijk, 2000). In principle, this 
sol gel process includes a series of steps starting from hydrolysis, condensation, and 
the subsequently gelation and ageing, to the drying and densification of the resulting 
aggregates formed in the previous steps. There has been wide-spread interest 
particularly in the synthesis of ceramic oxides and glasses through the sol gel 
processing. However, a greater variety of synthetic chemical precursors and processing 
routes can be employed, as compared to more conventional sources for ceramic 
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materials like minerals dug from the earth (Bernards, 1997), to offer the possibility to 
prepare a broad range of high-purity materials or composite materials with relatively 
versatile range of applications. 
2.1.1 Sol Gel Chemistry 
Sol gel process starts from generation of a sol, a colloidal suspension. The precursors 
for the preparation of the colloid consist of a metal atom surrounded by ligands which 
include inorganic anions and organic alkoxides. The monomeric alkoxides are most 
widely used in sol gel synthesis (Brinker, 1988). Because of their large difference in 
reactivity, alkoxides are divided into two separate classes: the silicates and the non-
silicates. The most thoroughly studied precursors for the preparation of gels are the 
silicon alkoxides and the typical example is tetraethylorthosilicate (TEOS) (Brinker 
and Scherer, 1990, Jones, 1989). Therefore, only silicate alkoxides will be discussed in 
this chapter and selected in the research topic. 
2.1.1.1 Hydrolysis and Condensation 
Sol gel chemistry consists of two kinds of reactions, namely, hydrolysis of monomers 
and condensation of the hydrolysed monomers to form oligomers or polymers. In the 
presence of a catalyst (e.g., an acid like acetic acid or base like NH4OH), at the 
functional group level, a silicon alkoxide hydrolyzes with water according to (Bernards, 
1997, Brinker and Scherer, 1990): 
Si(OEt)4  +  x H2O  →   Si(OEt)4 -x (OH)x  +  x EtOH                                               (2-1) 
Sufficient amount of water, together with proper type and amount of catalysts, cause 
the reaction to be completed by converting all the ethoxy-groups to hydroxyl-groups.  
  8 
The hydrolysed or partially hydrolysed molecules may link together. This 
condensation reaction produces either water, called water condensation: 
Si(OH)4  +  Si(OH)4  →   (OH)3Si–O–Si(OH)3    +   H2O                                         (2-2)                                                                    
or ethanol, called alcohol condensation: 
Si(OH)4  +  Si(OEt)4  →   (OH)3Si–O–Si(OEt)3    +   EtOH                                      (2-3) 
Combination of above three reactions (2-1) to (2-3) leads to the formation of silicon 
dioxide by the following reaction: 
Si(OEt)4  +  2 H2O  →   SiO2  +  4 EtOH                                                                   (2-4) 
The hydrolysis and condensation of alkoxide monomers may form a sol, which 
consists of particles with a size between 1 to 1000 nm (Bernards, 1997). The sols with 
complex branching polymers are called polymeric sols. Under the condition of high 
pH and excess water, silica forms dense oxide particles rather than extended polymer. 
These types of sols are called particulate sols (Brinker and Scherer, 1990, Rabinovich, 
1988). A method for preparation of silica spheres was developed by Stober and co-
workers (Stober et al., 1972).  
2.1.1.2 Gelation 
A gel is a form of matter intermediate between a solid and liquid (Brinker and Scherer, 
1985). As the polymers in the polymeric sols grow, they link together and form large 
clusters until one cluster spans the whole volume of solution. This point represents the 
sol to gel transition, which is shown in Figure 2-1 (Bernards, 1997). 
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The gel point is the time at which the last bond is formed so that the giant molecule is 
completed. This point is easily recognized by a sudden increase in viscosity of the 
solution (Bernards, 1997). At the gel point, however, only part of the available colloids 
will be part of the spanned cluster. The polymeric species formed during gelation are 
generally not dense, colloidal particles but rather more or less branched polymeric 
chains or clusters (Brinker and Scherer, 1985). During desiccation, these polymers are 
compacted and further cross-linked.  
2.1.1.3 Modified Precursors 
The introduction of a non-hydrolysable substituent on the silicon atom of a precursor 
has a specific effect on the material after condensation of the hydrolysed monomers 
(Wright and Sommerdijk, 2000).  The modified silicate precursors with various 
organic substituents, both functional and non-functional, such as a short alkyl group 
(methyl or ethyl) or a chain elongation, have been used to prepare a range of materials 
with different structures and properties. Tri-functional precursors, i.e. 
methyltrimethoxysilane (MTMS) and methyltriethoxysilane (MTES), have been 
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investigated by many researchers (Kamiya et al., 1990b, Krihak and Shahriari, 1996, 
Lewis and Galic, 1997, Rao and Pajonk, 2001, Vanbommel et al., 1991).  
In an acidic environment, the hydrolysis and condensation rate of the tri-functional 
precursors are higher than those of the tetra-functional precursors (Chambers et al., 
1993, Vanbommel et al., 1991). However, the gelation time for the alkyl-substituted 
ethoxysilanes seems to be longer compared with the tetra-functional ethoxysilane. This 
is probably caused by the lesser possibility of cross-linking during condensation due to 
the lower functionality of these compounds (Vanbommel et al., 1991). As 
aforementioned, an example of an alkyl substituted precursor is 
methyltrimethoxysilane (MTMS). The simplified hydrolysis and condensation reaction 
for MTMS are shown below: 
Hydrolysis     
Si(OCH3)3CH3  +  3 H2O  →  Si(OH)3CH3  +  3 CH3OH                                          (2-5) 
Water condensation 
2 Si(OH)3CH3  →  (OH)2CH3–Si–O–SiCH3(OH)2  +  H2O                                       (2-6) 
Alcohol condensation 
Si(OH)3CH3  +  Si(OCH3)3CH3  →  (OH)2CH3Si–O–SiCH3(OCH3)2  + CH3OH     (2-7) 
Total reaction  
Si(OCH3)3CH3  +  3/2 H2O  →  CH3SiO3/2   +   3 CH3OH                                        (2-8) 
According to these reactions, the alkoxy groups hydrolyze while the Si-CH3 group 
remains intact after the hydrolysis and condensation reaction are completed. The 
structures of the final product CH3SiO3/2 obtained from the hydrolysis and 
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condensation of the MTMS are generally referred to as silsesquioxanes, which are 
described in Figure 2-2 (Wright and Sommerdijk, 2000). 
  
Organically modified sol gel materials provide mechanical properties of both ceramics 
and polymers. Generally, the organic modification improves the flexibility of the gel, 
aiding in the formation of crack free monoliths and coatings (Krihak and Shahriari, 
1996). 
2.1.1.4 Effects of Process Parameters on Hydrolysis & Condensations 
By control of the sol gel process parameters, i.e. type and concentration of catalyst, the 
H2O/Si molar ratio, and use of different solvents, it is possible to vary the structure and 
properties of sol gel silicates (Brinker, 1988). Acid-catalyzed hydrolysis with low 
H2O/Si ratios produces weakly branched polymeric networks, while base-catalyzed 
hydrolysis with large H2O/Si ratios produces highly branched colloidal particles. 
Intermediate conditions produce structures to these extremes.  
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Pouxviel et al.  investigated the hydrolysis of TEOS under three H2O/Si conditions 
(low, medium, and high)(Pouxviel et al., 1987). The most obvious effect of increased 
H2O/Si ratio is the promotion of hydrolysis according to the reaction (2-1).  The 
reactions (2-2) and (2-3) suggest two further effects of H2O/Si. With additional water 
less than the stoichiometric ratio (R<<4), the alcohol condensation mechanism is 
favored, whereas the water condensation is favored when R>>4. However, excess 
water is expected to promote depolymerization according to the reverse of the reaction 
(2-3), hydrolytic depolymerization. 
Brinker et al. suggested to split up the sol gel process into an acidic step and a basic 
step for a rapid formation of the gel (Brinker et al., 1982). This is based on their study 
of the pH on relative reaction rates of the hydrolysis and condensation of TEOS system 
(Brinker, 1988). Brinker’s findings are reproduced in Figure 2-3 (Brinker and Scherer, 
1990). The hydrolysis reaction rate is relatively high at low pH values and 
decreases linearly with increasing pH up to pH 7. At higher pH values the hydrolysis 
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rate increases again. At low pH values, the condensation reaction rate is relatively low 
compared to the hydrolysis, and decreases with increasing pH. At pH 4 and 9.5, the 
intermediate condition for the overall reaction rate for hydrolysis and condensation can 
be achieved.        
The effects of different catalysts on the overall hydrolysis and condensation rates, as 
well as the gelation time, have been summarized by Pope and Mackenzie (Pope and 
Mackenzie, 1986). This study was based on the TEOS hydrolyzed with four 
equivalents of water (the stoichiometric ratio of H2O/Si). The results, shown in Table 
2-1, state that the reasonable gelation time and the mild reaction condition pH=4 may 
be obtained using acetic acid at the molar ratio to TEOS of 0.05. This is consistent 
with the Brinker’s findings as stated above. 
 
2.1.2 Aging of Gels 
Aging refers to a range of processes, including formation of further cross-links with 
shrinkage of the gel, syneresis, coarsening or ripening, and phase transformation 
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(Wright and Sommerdijk, 2000).  The age of a gel is the time between gelation and the 
initiation of the drying process (Rangarajan and Lira, 1991).  
The aging of gels has been studied by many researchers (Grader et al., 1997, Hdach et 
al., 1990, Santos et al., 2003, Scherer, 1989, Schmidt, 1988). Scherer reviewed the 
aging process in detail in his paper (Scherer, 1995b). The cross-linking and syneresis 
of the gel leads to the stiffening and shrinking of the samples. Shrinkage occurs 
because new bonds are formed where there were formerly only weak interactions 
between hydroxy and alkoxy groups (Wright and Sommerdijk, 2000). The shrinkage 
causes expulsion of liquid from the pores of the gel. Coarsening or ripening is a 
process of dissolution and reprecipitation.  In this process, material dissolves from the 
surface of large particles and deposits on the connecting neck of the two particles and 
links the two particles. This strengthens the solid and leads to some changes in pore 
sizes and shapes. A final aging effect is phase transition. When the gelation has 
occurred very quickly, there is a possibility that the porous gel contains isolated 
regions of unreacted precursor. On prolonged soaking in water, this material may react 
either completely or partially, giving inclusions of material of different structure and 
composition (Wright and Sommerdijk, 2000). This may be avoided by optimizing the 
process parameters, e.g. by dilution, pH control or use of co-solvent.  
Aging usually improves the properties of the materials. The aging process can be 
optimized by controlling the pH, temperature, aging medium, and aging time, etc. 
Scherer listed effect of aging temperature on porosity of a typical silica gel in Table 2-
2 (Scherer, 1995b), showing that the lower the aging temperature, the lower the 
porosity and the higher bulk density.  
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2.1.3 Drying of Gels 
The term drying of gels refers to a process to remove water, alcohol and other volatile 
components from gels. The process of drying can be divided into several stages. At 
first stage, the gel body shrinks by an amount equal to the volume of liquid which 
evaporates, and the liquid-vapor interface remains at the exterior surface of the body. 
The next stage starts when the body becomes too stiff to shrink and the liquid recedes 
into the interior, leaving air-filled pores near the surface (Brinker and Scherer, 1990, 
Scherer, 1995a). As air invades into the pores, a continuous liquid film supports flow 
to the exterior, so that the evaporation continues to occur from the surface of the gel 
body. Finally, the liquid covers the pores and drying only proceeds by evaporation of 
the liquid within the body and diffusion of the vapor to the outside.  
2.1.3.1 Stages of Drying  
The stages of drying are discussed in several very good reviews (Bruin and Luyben, 
1980, Fortes and Okos, 1980, Scherer, 1995a). They are also investigated in details by 
Brinker’s and Wright’s research groups respectively (Brinker and Scherer, 1990, 
Wright and Sommerdijk, 2000). Brief description of the four main stages in the drying 
of gels are as follows: 
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The first stage of drying is called the constant rate period (CRP). In this stage, the rate 
of evaporation per unit area of the drying surface is independent of time.  As 
aforementioned, the gel body will shrink by an amount equal to the volume of water or 
other liquid which has evaporated because the gels are still very flexible and compliant, 
therefore able to reduce the volume of the gels. The evaporation rate is close to that 
from an open dish of liquid.  
The second stage will be the critical point, at which the gel becomes stiff enough to 
resist further shrinkage as water or other volatile liquid continues to evaporate. This is 
caused by the formation of more compact structure and cross-linking during the CRP. 
At this point, the liquid starts to recede into the porous structure of the gel body. Due 
to the surface tension and the small size of the pores, large pressures are originated 
across the curved interfaces of the liquid menisci in the pores. This may cause the 
cracking of the gel body unless the gel has been carefully prepared to an optimum 
cross-linking and been carefully aged.   
After the critical point, the shrinkage of the gel body stops and further evaporation 
drives the meniscus (liquid-vapor interface) into the body, which is illustrated in Fig. 
2-4 by Scherer (Scherer, 1995a). Due to the hydrophilic nature of the pore walls and 
capillary forces, the bulk of the liquid recedes into the pores and a thin liquid film 
remains on the pore walls. The liquid flows to the surface of the body followed by 
evaporation. At the same time, direct evaporation from the filled pore region occurs 
and the vapor is transported to the exterior by diffusion. This stage is called First 
Falling Rate Period (FRP1). In the stage of FRP1, the rate of evaporation decreases 
and the vapor pressure decreases as well. Smaller pores begin to empty with increased 
capillary stress. Therefore, cracking may occur at this stage of drying (Wright and 
Sommerdijk, 2000). 
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As the meniscus (interface of liquid and vapor) recedes into the gel body, the exterior 
of the body does not dry completely because liquid flows to the outside. However, as 
the distance from the exterior to the drying front increases, the capillary pressure and 
the flux of liquid which flows to outside decreases. If the gel body is thick enough, the 
liquid near the outside of the body is removed only by diffusion of its vapor, see Fig. 
2-5. This stage of drying is called the Second Falling Rate Period (FRP2).  
At the FRP2 stage, as the evaporation occurs inside the gel body and the 
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saturated region recedes into the body gradually (Scherer, 1995a), the body expands 
slightly as the total stress on the network is relieved (Kawaguchi et al., 1986). The 
solid network in the saturated region is compressed more than that near the drying 
surface. This may lead to warping in a plate dried from one side.  Faster contraction of 
wet side makes the plate convex toward to the drying side (Scherer, 1987).  
2.1.3.2 Routes to Avoid Cracking 
As aforementioned, cracking of a gel body occurs during drying process due to the 
capillary stress. It seems that cracks may be avoided if the liquid evaporation rate is 
very slow. This is the first way to achieve crack-free gels, but it is evident that this 
drying process is very long (months).  Moreover, the dried gel (xerogel) exhibits a very 
low permeability. This may present a lot of disadvantages when the xerogel is heated 
further. Lot of work has been done in avoiding cracking in drying of gels. A brief 
description of the routes to prevent gels from cracking is stated below: 
(a) Supercritical Drying 
A convenient way to avoid capillary stress is to perform supercritical drying. In this 
process, the liquid in pores of the gel body is removed under supercritical conditions 
where the distinction between liquid and vapor no longer exists (Brinker and Scherer, 
1990). Hence, no capillary stresses are created during the drying. The resulting gel is 
called Aerogel, which has a volume similar to that of the original sol.  
Aerogels were first made by Samuel Kistler in the early 1930s (Kistler, 1932). In the 
1950s, Monsanto adapted Kistler’s process and produced silica aerogel under the trade 
name Santocel (Smith et al., 1995). Since 1980s, more studies in properties of aerogels, 
such as optical transmission, the low thermal conductivity, and physical and 
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mechanical properties have been carried out (Fricke and Emmerling, 1998). An 
ultralow density (3 kg/m3) silica aerogels can be achieved for specific applications 
(Kocon et al., 1998). However, the mechanical properties of silica aerogels are not so 
desirable. The maximum compressive strength can only reach 1.45 MPa while the 
density is 320kg/m3 although the aerogels is filled by carbon fiber (Parmenter and 
Milstein, 1998). This may be caused by the porous structure of the aerogels. The 
process and apparatus for supercritical drying of gels were patented by Wang et al. 
(Wang et al., 1993, , 1994).  
Supercritical drying process requires high temperature and pressure, and is expensive 
(Smith et al., 1995) and potentially dangerous as autoclaves are used in the process 
(Kirkbir et al., 1998). The use of solvent is necessary for the process. Supercritical 
aerogel drying pressure is reduced by using a proper drying solvent (Kirkbir et al., 
1998). The use of supercritical carbon dioxide in this process has been fulfilled (Wang 
and Wu, 1998). The advantage of supercritical carbon dioxide is the relatively mild 
conditions required.  
(b) Freeze-Drying 
The drying process by freezing the liquid in the gel body and subliming the resulting 
solid under vacuum is called freeze-drying. This process avoids the presence of the 
liquid-vapor interface when drying, but does not permit the preparation of monolithic 
gels. The reason is that the water crystallizes and stresses the surrounding matrix. This 
leads to extensive cracks and pore damage (Brinker and Scherer, 1990, Wright and 
Sommerdijk, 2000). However, this process is widely used in preparation of foods 
(Bruin and Luyben, 1980). 
(c) Drying Control Chemical Additives (DCCA) 
  20 
Drying control chemical additives (DCCA), such as formamide (Boonstra et al., 1989, 
Lenza and Vasconcelos, 2001, Orcel et al., 1988b), oxalic acid (Nikolic and Radonjic, 
1994, Stocker and Baiker, 1997), acetonitrile (Artaki et al., 1986), glycerol (Hung and 
Yang, 2002), and dimethylformamide (Adachi and Sakka, 1988, Parashar et al., 1996, 
Uchida et al., 1994) have been used to change the structure of sol gel material and 
achieve crack free gel body. Firstly the DCCA generates large pores with narrow size 
distribution. The larger size pores lead to the weaker capillary forces and hence the 
stress exerted on the gel during drying will be smaller. Since the vapor pressure is 
higher in larger pores, this will promote the evaporation of solvent (Wright and 
Sommerdijk, 2000). Secondly, the DCCA is easy to bind to the silica surface through 
the formation of hydrogen bonds. This will help to remove water molecules and 
prevent their interaction with the silanol group on the pore walls. On the other hand, all 
of these DCCAs may modify other properties of gels to some extent, which may be 
undesirable (Wright and Sommerdijk, 2000). DCCA is not removed until heating to 
high temperature and even then it tends to decompose into carbonaceous residues 
instead of evaporating (Brinker and Scherer, 1990).  
(d) Aging  
 As described in preceding section, aging a gel before drying helps to strengthen the 
network and then reduce the risk of cracking (Zarzycki et al., 1982). Although it is 
time consuming, it is cheap and produces more stable and reproducible gel properties. 
More importantly, it involves no contaminating additives. 
(e) Lager Pores 
As stated in the preceding section, the small pores generate more capillary stress. 
Synthesis of gels with large pores has great benefits in reducing cracking (Wright and 
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Sommerdijk, 2000). The easiest and the cheapest way is to incorporate fillers to the gel 
to form composite materials. The techniques present the advantage of not removing the 
fillers. Fumed silica, Stober silica particles (Stober et al., 1968), and colloidal silica 
solutions (Ludox) (Scherer and Luong, 1984) are the fillers most often used for silica 
gels (Phalippou, 1994). Other ceramic fillers such as silicon carbide, alumina, and 
titania are also used as fillers to produce the composite materials (Clark and Wistrom, 
1992). Fillers decrease shrinkage during drying and prevent the collapse of pores in the 
gel body, presenting the special advantages than other methods. 
It is important that certain amounts of fillers must be added to the gel matrix to achieve 
better permeability of the composite materials (Phalippou, 1994). The permeability of 
composites incorporated with a small amount of coarse particles is poor. Permeability 
increases for a high filler quantity.  
2.1.4 Thermal Treatment 
Thermal treatment is necessary when producing dense glasses and ceramics from gels. 
From the discussions in the previous sections in this chapter it is clear that, by 
controlling the hydrolysis, condensation, aging and drying stages, gels with a wide 
range of pore sizes and microstructures can be prepared. The effects of thermal 
treatment depend on the particular characteristics of the gel at the end of the low 
temperature drying process. The most desirable gels for thermal treatment are 
materials showing the best compromise between permeability, strength, and high green 
density (Phalippou, 1994).  
Thermal treatment of gels is a complex process. It is difficult to apply conventional 
theories of viscous sintering to sol gel materials due to the physical and structural 
changes which occur during heating because of the condensation and relaxation 
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processes. Brinker et al. discussed the physical and structural evolution for silica gel 
during constant heating rate 0.5oC/min, shown in Fig. 2-6 (Brinker et al., 1985). Three 
regions are indicated corresponding to the following trends:  
 
(I) weight loss with little shrinkages (25-150oC), (II) both weight loss and shrinkages 
(150-525oC), (III) shrinkages with little weight loss (>525oC).  
At low temperature Region I, weight loss occurs as water or alcohol is desorbed from 
pore surface. The small amount of observed shrinkage in this region results from the 
increase in surface energy due to desorption. In Region II, weight loss and shrinkage 
occur concurrently. Three processes occur in this range: loss of organics which leads to 
weight loss but little shrinkage, further condensation which causes both weight loss 
and shrinkage, and structural relaxation which gives shrinkage without weight loss 
(Wright and Sommerdijk, 2000). In Region III, a sharp increase in shrinkage rate is 
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observed with little or no further weight loss. This behavior is consistent with a 
viscous sintering mechanism; however, polymerization and structural relaxation may 
also contribute to the observed shrinkage.  
The thermal treatment of gels must be carried out with care. At low temperatures the 
gels which contain unreacted organic groups must be gently oxidized. This treatment is 
often performed using air. Long-chain residues require long treatments under oxygen 
to fully achieve oxidation. The released gases such as CO2, H2O and also CO and some 
other low-weight organic molecules cannot escape easily when a gel with low 
permeability is heated at a fast heating rate. To avoid this phenomenon, the thermal 
schedule must be optimized.  
2.2 Sol Gel Applications 
Sol gel technology provides an alternative route to produce ceramics and glasses. As 
stated in chapter one, compared to conventional techniques the sol gel route offers a 
number of important advantages that make the method interesting for producing 
materials to specific applications. As shown in Fig. 2-7, by controlling the process, 
different kinds of sol gel products can be achieved. A wide range of coatings from 
nanometers to tens of microns can be obtained on large, curved substrates by simple 
deposition techniques such as dip, spray and spin coatings (Chan et al., 2000a, 
Uhlmann et al., 1997, Wicks, 1997). By careful drying and thermal treatment 
processes, a xerogel or dense ceramic can be produced. By extracting solvents from 
the wet gel using specific techniques, a porous aerogel can also be prepared (Hrubesh, 
1998, Rao et al., 1999, Schmidt and Schwertfeger, 1998). Uniform ceramic particles 
can be produced by precipitation (Brinker and Scherer, 1990).  
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Ceramic fibers can also be produced by a combination process of spinning followed by 
sintering (Thomas, 1977). 
 
A number of sol gel applications will be illustrated using some selected examples 
highlighting the specific characteristics of this technology. 
2.2.1 Thin Films and Coatings 
The largest commercial successes of sol gel processes are found in the area of thin film 
and coatings which can be achieved by dipping, spinning and spraying processes. The 
applications of sol gel thin films and coatings include optical, electronic, protective, 
and porous coatings.  
Optical coatings alter the reflectance, transmission, or absorption of the substrate 
(Brinker and Scherer, 1990).  In order to reduce the disturbing specular reflection of 
incident light by highly polished display, an anti reflective (AR) coating is sufficient. 
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One example is the coating on a television screen. An AR coating applied on the glass 
screen will improve the contrast since it can reduce the reflection of environmental 
light. The static charge on the outside of television screen is caused by the electron 
bombardment on the phosphor layer at the inside. It can simply be removed using a 
slight conductive layer (Bernards, 1997). This layer can be achieved by a sol gel 
coating doped with a transparent conductive material such as tin doped indium oxide 
(ITO).  
Other than the optical coatings, numerous applications of sol gel coatings have been 
studied. An almost unlimited range of oxidic compositions can be synthesized 
(Uhlmann et al., 1996). Examples include protective coatings which consist of scratch 
resistance, anti corrosion and strength coatings. The Ferroelectric films such as lead-
zirconate titanate (PZT) and lead-lanthanum-zirconate titanate (PLZT) have been 
prepared by sol gel route. Inorganic and inorganic-organic hybrid coatings having a 
glassy structure are widely used commercially as protective coatings for metals and 
alloys.  
2.2.2 Monoliths 
Monoliths are defined as bulk gels (dimension not less 1mm) cast to shape without 
cracking (Brinker and Scherer, 1990). Monolithic gels are interesting because complex 
shapes may be formed at room temperature and consolidated at low temperature 
without melting. Good applications of monolithic gels are those that take advantage of 
purity, process simplification, and inherent porosity of gels.  
The principle applications for monolithic gels are optical fibers (Thomas, 1977), 
contact lenses (Philipp and Schmidt, 1984), and other near net shape optical 
components (Schmidt, 1985). Optical fiber fabrication from monolithic preforms 
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involves casting a cyclindrical shape followed by drying, sintering, and drawing just 
above the glass softening temperature. Compared to fibers drawn from the melt, 
melting is not needed for the monolithic gel processing, avoiding the introduction of 
impurities from the crucible. High-purity optical components such as lenses, cylinders 
are also formed by casting in a rotating mold (Mori et al., 1988). The challenge of this 
technique is to avoid cracking and to evaluate the volume changes accompanying the 
drying and sintering. Incorporation of particulate fillers is a promising method that 
allows larger optical shapes to be prepared since the fillers increase the permeability 
and reduce the capillary pressure during drying.  
2.2.3 Powders, Grains, and Spheres 
As described in the preceding section, ceramic particles can be produced by 
precipitation. Powders are the starting point for most polycrystalline ceramic 
processing. Ceramic powders and grains are also used as catalysts, pigments, abrasives, 
and fillers which are employed in electro-optical and magnetic devices. Spheres are 
used as nuclear fuels, while porous beads are used in chromatography (Brinker and 
Scherer, 1990). Recently, synthesis of organic-inorganic hybrid particles has been 
carried out using both hydrolytic and non-hydrolytic sol gel routes (Arkhireeva et al., 
2004). 
The advantages of sol gel powders over conventional powders (by physically mixing 
of minerals and chemicals) are controlled size and shape, molecular scale homogeneity, 
and enhanced reactivity (low processing temperature). The sol gel powder has its 
disadvantages such as cost, lengthy processing time, and low yield. Porous beads and 
hollow microspheres (Gonzalezoliver et al., 1988) take advantage of inherent gel 
porosity and the potential of forming shaped particles. These applications make sense 
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since they represent new products which are difficult to make by conventional ceramic 
processing. 
2.2.4 Fibers 
As aforementioned, optical fibers can be formed from sol gel derived monolithic 
preforms at the glass softening temperature. In addition, two other methods of fiber 
formation are drawing fibers directly from viscous sols at room temperature and 
unidirectional freezing of gels (Brinker and Scherer, 1990). As the process of direct 
drawing from sols results in relatively high quantities of residual organics and the 
produced fibers have noncircular cross sections, these fibers are not appropriate for 
optical fiber applications. 
The potential applications of ceramic fibers include reinforcement, refractory textiles, 
and high-temperature superconductors. The typical applications of ceramic fiber for 
reinforcement are fiber-reinforced polymer and ceramic matrix composites. Ceramic 
fibers having intermediate values of modulus of elasticity are interesting as hybrids 
with organic fibers (Sowman, 1987). Because the stiffness of the two fiber systems can 
be matched, hybrid fiber-reinforced polymer matrix composites can be produced.  
2.2.5 Porous Gels and Membranes 
The properties of sol gel materials such as high surface areas and small pore sizes may 
be exploited in applications of filtration, separation, and catalyst. The use of porous 
gels in separations and filtrations was reviewed by Klein (Klein, 1988). The 
preparation of controlled sol gel films supported on macroporous substrates can be 
applied to microfilters (50 nm to 1 um  pore sizes ) or membranes (<50 nm pore sizes) 
(Lenza and Vasconcelos, 2000).  
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Most membrane materials are based on polymers or plastics due to their ease of 
fabrications. Compared to polymer membranes, sol gel membranes offer several 
advantages: (1) they can be operated at high temperature; (2) they do not swell or 
shrink in contact with liquids; and (3) they are much more abrasion-resistant. 
Applications include microfitration of water, wine, and beverages, and ultrafiltration of 
milk. Hybrid silica-polymer composite membranes are currently exploited for the 
separation of gases (Cornelius and Marand, 2002). Proton conducting membranes are 
developed as well (Aparicio and Duran, 2004, Honma et al., 1999).  
2.2.6 Composites 
Composites combine different types of materials to achieve synergistic properties 
which can not be obtained by one material alone. Sol gel process can be used to form 
the matrix phase, or reinforcement phase, or both in the composites. Sol gel 
composites comprise inorganic-inorganic composites and organic-inorganic 
composites. By doping ceramic reinforcement phase in inorganic sol gel matrix, an 
inorganic-inorganic composite can be obtained. The very mild reaction conditions, 
particularly the low reaction temperatures, also allows the incorporation of organic 
materials in inorganic materials (Schubert et al., 1995).  Therefore, an organic-
inorganic composite can be prepared by sol gel process. 
2.2.6.1 Inorganic/inorganic Composites 
As mentioned in the previous section, cracking of gel can occur at each step of the 
process, from synthesis to the final densification of the material (Phalippou, 1994). A 
simple way to avoid the cracking of gel is to add filler to the gel. By doping fillers 
such as silica or Ludox (a colloid silica suspension), silicon carbide, alumina, and 
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titania particles into sol gel matrix, the permeability of the gel is increased. Therefore, 
the chance of formation of cracking during the process is decreased.  
High performance inorganic/inorganic composites such as SiC-reinforced alumina are 
candidate materials for turbine blades and ceramic diesel engines (Brinker and Scherer, 
1990). These materials can be prepared by slurry-coating ceramic fibers or textiles 
followed by composite assembly and hot-pressing. However, this process is cost-
intensive and fiber strengths are degraded due to abrasion. Another disadvantage of 
fiber-reinforced sol gel composites is ease to form cracking since fibers reinforce the 
matrix against shrinkage during drying and sintering. Modification of the process by 
the use of freeze-gelation overcomes the problem (Harris et al., 1998). Incorporation of 
short-fibers (whiskers) or particles to the system also mitigates the processing 
problems (Russellfloyd et al., 1993). The most successful applications of inorganic-
inorganic composites include functional coatings, such as scratch resistance, corrosion 
prevention, and strength enhancement.  
2.2.6.2 Organic/inorganic Composites 
As aforementioned, sol gel process allows incorporating of organic materials into 
inorganic materials. The organic groups can be retained to modify the surface 
chemistry and the structure of the gel network. The final material therefore is 
composed of inorganic structures cross-linked or substituted by organic groups (Chan 
et al., 2000b, Schubert et al., 1995). Organic-inorganic composites can be prepared by 
the two approaches: (i) organic molecules can be just embedded into an inorganic 
material, or vice versa; (ii) the organic and inorganic groupings can be linked by stable 
chemical bonds. The subsequent approach requires the organic group of at least one of 
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the oxide-forming precursors to be bonded to that element in a hydrolytically stable 
way  (Schubert et al., 1995).  
(i) The sol gel process has been used to incorporate inorganic networks into 
organic polymeric matrices. This can be accomplished by reacting the 
orthosilicate directly with reactive end-capped organic polymers or oligomers, 
providing connectivity between the organic phase and the inorganic network 
(Landry et al., 1992). This combination of organic polymer with inorganic 
network can reduce the brittleness and hence, prevent stress cracking during the 
curing process, thus making the fabrication of larger monolith and thicker 
coatings possible. The reactive end-capped polymers used in synthesis of the 
composites include: polymethyl methacrylate (PMMA) (Kuramoto et al., 2004, 
Landry et al., 1992), polyvinyl pyrrolidone (PVP) (Chan et al., 2004), 
polyvinyl alcohol (PVA) (Kotoky and Dolui, 2004), polypropyleneglycol (PPG) 
(Chaker et al., 2000), polyethylene-co-vinyl acetate (EVA) (Bounor-Legare et 
al., 2004), polyphenylene terephthalamide (Ahmad et al., 1997), and vinyl 
acetate (VAc) (Yano et al., 1998). The organic/inorganic composites can also 
be prepared by incorporating epoxide-amine system and silica formed from 
tetraethoxysilane (TEOS) (Matejka et al., 1998). Promising applications of the 
above sol gel organic/inorganic composites are expected in many fields, such 
as optics, electronics, ionics, mechanics, membranes, protective coatings, 
catalyst, sensors, and biology etc. (Sanchez et al., 2000).  
(ii) Organically Modified Silicates (ORMOSILS) are widely used to prepare 
organic/inorganic sol gel composites. In the sol gel process, organic and 
inorganic precursors are copolymerized so as to incorporate organic ligands 
into the solid network (Cao and Tian, 1998). Some of the precursors contain 
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organic ligands such as methyltrimethoxysilane (MTMS) and 
methyltriethoxysilane (MTES). Single organically substituted alkoxysilane as 
above stated can be used to prepare organic-inorganic composites. A silica 
filled MTMS composite coating system is prepared by Malzbender and With 
(Malzbender and de With, 2000). Incorporation of fine carbon particles into 
MTES system has been developed for electrical conducting glass applications 
(Kamiya et al., 1990a). In addition, two precursor systems are also widely used 
for the preparation of organic/inorganic composites. Examples are: 
polydimethylsiloxane (PDMS) modified TEOS system (Hu and Mackenzie, 
1992, Kim et al., 1999, Mackenzie et al., 1992), 3-methacryloxy-proplyl-
trimethoxysilane (MPS) modified TEOS system (Chan et al., 2000b), MTMS 
modified tetramethoxysilane (TMOS) system (Rao and Haranath, 1999), 
MTMS and MTES co-precursor system (Lewis and Galic, 1997). A 
glycidoxypropyltrimethoxysilane (GLYMO) modified tetrapropyl orthotitanate 
system has been developed for waveguide application (Que et al., 2001). The 
organic/inorganic composites made by the above systems are mostly used as 
coatings for different purposes, while a few of them are used to prepare bulk 
materials for waveguide and micro-electro-mechanical-system (MEMS) 
applications to produce ceramic microcomponents (Bauer et al., 1998, Chan et 
al., 2000b).  
Sol gel composites have recently been exploited for tooling applications (Cornie, 1999, 
Duarte et al., 2004), but few research works are reported. Cornie invented methods for 
producing casting tooling, including a blend of high char resin and refractory powder 
or a blend of sol gel ceramic precursor and refractory powder to form a moldable 
material; shaping the material to form a tooling body; heating the body to form a 
  32 
casting tooling. The process is done in a specially designed apparatus. The sol gel 
method is only described in the invention works but not listed in the claims. Duarte et 
al. developed an indirect tooling process by sol gel method (Duarte et al., 2004). This 
process is to convert model made by rapid prototyping or conventional techniques into 
metallic mould through a ceramic mould prepared by sol gel routes. Fig. 2-8 shows the 
schematic illustration of the mold transfer procedure, in which Fig. 2-8 (a) is the soft 
mold made by rapid prototyping. The prepared slurry made up of inorganic sol gel 
binder and ceramic particles is cast into the soft mold and a sol gel pattern is formed 
(see Fig. 2-8 (b)). Following this, the sol gel pattern is separated from the soft mold, 
shown in Fig. 2-8 (c), and immediately dried to remove alcohol and then sintered. The 
dried sol gel pattern is put into a moulding box, shown in Fig. 2-8 (d), and the metallic 
materials is cast into the moulding box, (see Fig. 2-8 (e)).  Thus, the metallic mold is 
obtained as shown in Fig. 2-8 (f). 
 
  33 
CHAPTER 3: PREPARATION OF SOL GEL MATRIX 
SYSTEM 
3.1 Introduction 
To prepare sol gel composites filled by ceramics or metals, a flexible and crack free sol 
gel matrix system is needed. As mentioned in the previous chapter, Drying Control 
Chemical Additives (DCCAs) can eliminate the cracking of gels during drying (Orcel 
et al., 1988a). However, the DCCA must be removed by heating the gel above its 
boiling point, i.e. boiling point of DMF is 153oC (Haranath et al., 1999), which will 
reduce the density and strength of the gel. Organically modified silicates are widely 
used to prepare organic-inorganic sol gel composites. The organic modification 
improves the flexibility of the gel and fillers are also easily incorporated into the sol 
gel matrix to form hybrid composite materials (Krihak and Shahriari, 1996). 
Single organically substituted alkoxysilane can be used to prepare organic-inorganic 
composites. However, only a few materials developments are based on single 
precursor because precursor mixtures usually allow a better tailoring of the materials 
properties (Schubert et al., 1995). Dimethyl-dimethoxysilane (DMDS) as a co-
precursor to Methyltrimethoxysilane (MTMS) system was used in this study. As stated 
in the previous chapter, the three alkoxy groups in the MTMS hydrolyze while the Si-
CH3 group remains intact after the hydrolysis and condensation reaction are completed. 
The final product CH3SiO3/2 obtained from the hydrolysis and condensation of the 
MTMS are generally more flexible compared with the final product SiO2 of TEOS. 
DMDS has two methyl groups in the molecular chain and is polymerized not to a 
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three-dimensional network but to a linear polymer (Yano et al., 1998). DMDS as a co-
precursor to the MTMS system would increase the flexibility of the sol gel matrix.  
The effects of different molar ratio of the combined precursors on the performance of 
sol gel matrix were discussed. A simple and low cost process method for preparing the 
organic/inorganic matrix is stated as well. 
3.2 Experimental Procedure 
High-purity MTMS (98%, GE Toshiba, TSL8113E-15K) and DMDS (99.5%, Aldrich) 
were used as precursor and co-precursor respectively. Acetic acid (100%, Aldrich) was 
used as catalyst.  
The procedure for the sample preparation is described in Fig. 3-1, see the left 
highlighted portion. Measured amounts of MTMS and DMDS were mixed thoroughly, 
to which the measured amounts of de-ionized water and acetic acid (HAc) were added 
in sequence. The reactants were mixed in a beaker, immediately stirred at a hotplate 
stirrer for 30 minutes for hydrolysis, and then stirred in a water bath at 65oC for about 
2 hours to partially remove the residual solvents (methanol, for instance) which was 
generated by the hydrolysis reaction. After quickly cooling to room temperature, the 
solution was cast into Polystyrene (PS) 44 x 44 x 8 mm square shape weighing dishes 
and covered by glass sheets while some of the dishes were not covered for comparison 
purpose. After gelation, the gels were still kept in the covered dishes for 2 weeks and 
then dried at room temperature for 1 week, followed by further drying at 50oC in a 
drying oven for 48 hours in air. In the experiment, the molar ratio of MTMS/DMDS 
was changed while the stoichiometric molar ratio of H2O/MTMS and HAc/MTMS 
were kept constant at 3 and 0.05 respectively.  
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Infrared transmission spectra of the MTMS system were performed with an Excalibur 
FTS 3000 single beam infrared spectrometer at a resolution of 4 cm-1. The tested 
samples included pure MTMS and the MTMS systems in different hydrolysis time 
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such as 15 min, 30 min, 60 min, and 390 min. Spectra were collected in the 
wavenumber range of 4000 cm-1 to 400 cm-1.  
3.2.1 Reaction Scheme 
Schematic reaction scheme of incorporated DMDS monomer into a sol gel system 
based on MTMS is shown in Fig. 3-2.  
 
The extents of these five reactions will depend on the amount of water and the acidity 
of the system, the process conditions, and most importantly the molar ratio of 
MTMS/DMDS. The hydrolyzed MTMS can be condensed into organically modified 
silica. The hydrolyzed DMDS can be self-condensed into a linear polymer such as 
polydimethylsiloxane (PDMS). The chain of the PDMS will not be too long since the 
hydrolyzed terminated DMDS has more chance to poly-condense with the hydrolyzed 
MTMS. The hydrolyzed MTMS and DMDS can also be poly-condensed. The residual 
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methoxy groups may exist and self-condensation of the silanol terminated MTMS and 
DMDS can take place. These will affect the structure of the network. 
3.2.2 Structure Modeling 
A schematic illustration of the structure of the MTMS/DMDS hybrid system based on 
the reaction scheme is shown in Fig. 3-3. Most of the organically modified silica gel 
species are bonded with the DMDS or the linear polymer which is self-condensed by 
DMDS. Some of the DMDS free linear polymers are dispersed in the system if the 
DMDS/MTMS ratio is too high.  
The structural model of the MTMS/DMDS hybrid system can be described in Fig. 3-4. 
The organically modified silica gel species may not be bonded in four directions by the 
linear polymers since methyl group exists in the polycondensed gels. Some of the 
modified silica gel species may link together directly without the help of the linear 
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polymers. The structural model is based on the moderate molar ratio of MTMS/DMDS 
and the following assumptions.  
 
 The system is homogeneous. The free linear polymers are also distributed 
homogeneously in the system. 
 All the organically modified silica gel species have similar properties and are 
bonded with the linear polymers in similar conditions. 
 The amount of free linear polymer is very small. 
These assumptions are only used to simplify the structural model. The actual status 
may not be so desirable, i.e. length of linear polymer chain connected to the two 
organically modified silica gels may be different so that the bonding condition may 
also be different.  
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3.3 Results and Discussions 
3.3.1 Determination of Hydrolysis Time  
Infrared transmission spectra for the samples including pure MTMS and the MTMS 
systems in different hydrolysis time such as 15 min, 30 min, 60 min, and 390 min are 
shown in Fig. 3-5. After 15 minutes hydrolysis reaction, no MTMS absorption bands 
(650 cm-1 for instance) are observed in the scanned spectra, This means that the 
hydrolysis of MTMS is achieved in the first 15 minutes. The weak absorption band 
near 650 cm-1 might be attributed to methanol skeletal vibration. The concentration of 
non-hydrolyzed MTMS in the solution is less than the available IR resolution. 
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The absorption bands in the range of 1100-1080 cm-1 are observed in all the spectra 
and assigned to Si-OCH3 (Launer, 1987). Their intensities and shapes significantly 
change from the spectrum for MTMS to the spectra for the hydrolysis solutions. The 
1100-1080 cm-1 bands for MTMS are sharp and with very high intensity while the 
bands for the hydrolysis solutions become broader and are masked by the strong Si-O-
Si absorption bands (1130-1000 cm-1) (Launer, 1987). This means that most of the Si-
OCH3 compounds are hydrolyzed. A single broad absorption band near 950 cm-1 and 
broad bands between 3400-3200 are only observed in the spectra for hydrolysis 
solutions, which are assigned to Si-OH compounds (Launer, 1987, Niznansky and 
Rehspringer, 1995). This is consistent to the previous findings that hydrolysis for all 
the solutions after 15 minutes is achieved.  
The complex broad Si-O-Si absorption bands in region of 1130-1000 cm-1 observed in 
the spectra of hydrolysis solution are also varied with increase of the hydrolysis time. 
The intensities of the lower wave numbers 1050-1000 cm-1 are increased with 
prolonging the hydrolysis time. This might be due to the strong extents of 
polycondensation with the increase of reaction time. 
3.3.2 Determination of Removal Ratio of Methanol  
As aforementioned, a large amount of methanol is produced accompanying the 
hydrolysis of MTMS and DMDS. The methanol will be evaporated when the hybrid 
sol gel matrix is formed. If too much methanol remains in the solution before drying, a 
huge shrinkage of the hybrid gel will occur and the drying time will be very long since 
the careful drying process must be carried out to prevent the cracking of gels.  
Table 3-1 lists a typical example of reactant composition for DMDS/MTMS molar 
ratio at 0.175 and the stoichiometric amount of methanol generated in the hydrolysis 
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reaction. The amount of the MTMS in the experiment is 60 grams (0.4412 molar) and 
the others follow the molar ratio given in the table. The total weight of the reactants 
and the stoichiometric amount of methanol generated are 93.8 grams and 47.29 grams 
respectively assuming that the hydrolysis reaction is completed thoroughly.  
Table 3-2 lists the experimental results to determine the removal ratio of methanol in 
the solution after hydrolysis. Two factors must be considered in the determination of 
the removal ratio of methanol. The first one is that the maximum amount of fillers 
(metallic filler, for instance) can be incorporated into the hybrid sol gel matrix and 
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the second is to see if filler segregation is observed when forming a final sol gel 
composites, especially for metallic fillers. All the two factors depend on the viscosity 
of the final sol gel solutions after removing the methanol.  
From the results shown in the Table 3-2, it is found that removal of 87% of the 
methanol generated from the reaction can achieve a moderate viscosity of the final sol 
gel solution. In addition, 60% in volume fraction of the metallic filler can be 
incorporated in the sol gel matrix without segregation of the filler. It was noted that not 
only methanol was removed during the evaporation step, but also a small amount of 
other materials (i.e. water) was evaporated as well. However, the majority of the 
removed materials was methanol since the evaporation was carried out at 65oC (the 
boiling point of methanol).  
3.3.3 Effect of Drying Environment  
As stated in previous section, the drying of gels was carried out carefully in the 
experiment to prevent the cracking of the gels. Drying is more uniform in humid 
environments (Caddock and Hull, 2002).  
Fig. 3-6 illustrates the impact of drying environment on the cast gels. It is obvious that 
the gel is warped convex toward the top side when drying in an open disk while the gel 
uniformly shrinks and keeps the original shape when drying in a covered dish. As 
aforementioned in previous chapter, the gel is compressed more in the saturated region 
than the drying surface. This might lead to faster contraction of the wet side and results 
in warping (Scherer, 1995a). In this process, after casting the sol gel solution into the 
dish, it will experience the following steps, gelation, aging and drying. There should be 
no major difference between the two process procedures for the first two steps except 
the gelation time.  However, drying the gel in an open and covered dish will perform  
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differently.  The covered dish will retain methanol and water, the by-products of 
hydrolysis and condensation reaction, in the container and keeps the gel drying in a 
wet environment uniformly. On the other hand, the open dish will make the top surface 
of the gel dry while the bottom is still wet. This causes the gel warping.  
3.3.4 Determination of Molar Ratio of DMDS / MTMS 
Fig. 3-7 shows the gelation time as function of the molar ratio of DMDS/MTMS. With  
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increase of DMDS content in the sol, the gelation time prolongs. This might be 
because less hydroxyl groups and more methyl groups are present in the sol when 
incorporating more DMDS into the system (Rao and Pajonk, 2001). 
Incorporating different amount of DMDS into the sol gel matrix affects the 
performance of the property of gel significantly.  
Table 3-3 describes that extent of cracks of the sol gel hybrid matrix depend on the 
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DMDS/MTMS molar ratio. Without incorporation of DMDS into the system, cracks of 
the gel occur most seriously. With increase of the content of DMDS in the matrix, the  
extent of cracks decreases. No cracks are observed visually when the DMDS/MTMS 
ratio reaches 0.175. However, when the ratio is more than 0.1875, the gel cracking 
occurs again on the bottom half of the gel body. This might be caused by the excess of 
the linear polymers which are produced by the self-condensation of DMDS. The 
excess of linear polymers is not well dispersed into the matrix and causes phase 
separation.  
Fig. 3-8 (a) gives an image of organic/inorganic sol gel matrix prepared by the best 
choice of the DMDS/MTMS molar ratio of 0.175, which is transparent and visually 
crack free, while Fig. 3-8 (b) shows the sol gel matrix with cracks prepared at 
DMDS/MTMS molar ratio of 0.05. 
 
3.3 Summary  
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A flexible and crack-free sol gel matrix system was developed by a combined 
precursor of MTMS and DMDS at a molar ratio of DMDS/MTMS at 0.175. The 
cracks occurred when the molar ratio was less than 0.15 or more than 0.1875.  A 
simple and low cost preparation method for the system was also developed. However, 
the process was slow, lasting at least 3 weeks. 
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CHAPTER 4: DEVELOPMENT OF CERAMIC-FILLED 
ORGANIC/INORGANIC COMPOSITES 
4.1 Introduction 
As stated in the preceding chapter, the easiest and the cheapest way to reduce cracking 
of gels is to incorporate fillers into the sol gel system since it can increase their 
permeability (Wright and Sommerdijk, 2000). To achieve a better permeability, certain 
amounts of fillers must be added to the gel matrix. Permeability increases for a high 
filler quantity. Incorporating fillers can also decrease the shrinkage of the composites 
and enhance the mechanical properties and thermal properties (Phalippou, 1994). 
In this chapter, comparison of incorporation of micron-scaled silica and SiC on the 
properties of the composites is carried out. The effects of the volume fraction of fillers 
on properties of the composites are also investigated. Nano-scaled titania or alumina 
mixed with silica as fillers incorporating to the composites is also studied.   
4.2 Experimental procedure 
4.2.1 Materials  
The organic/inorganic MTMS/DMDS sol gel system developed in chapter three was 
used as the matrix of the composites. Four types of powders were used as fillers in the 
composites. Details of the fillers are given in Table 4-1. The scanning electron 
microscope (SEM) micrographs of the fillers are show in Fig. 4-1.  
The densities of the fillers and sol gel matrix shown in Table 4-2 were used in the 
calculation of volume fraction of fillers in the composites. The density of the sol gel 
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organic/inorganic matrix was measured by a Gas Auto Pycnometer (Micromeritics 
AccuPyc 1330) after drying at 400oC for 2 hours. Before the measurement, the matrix 
materials were ground into fine powder in the mortar. 
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4.2.2 The Route to Prepare the Composites  
The preparation procedure for ceramic-filled organic/inorganic composites is described 
in the highlighted centre column in Fig. 4-2. The preparation for sol gel solution was 
described in chapter three: mixture of the reactants, hydrolysis of the precursors, and 
partial removal of the methanol. Once the solution cooled down to room temperature, 
it was mixed with measured amount of fillers and ball-milled using glass beads (2.5 to 
3 mm in diameter) in a sealed glass bottle. The mixture of fillers and the sol gel 
solution was dispersed at a ball-mill bench for 2 to 40 hours respectively for different 
experiments, degassed at pressure of - 0.05 to - 0.09 MPa for 10 minutes in a UV 
Casting System (TEMPLESS 3.63, by Diavac Limited), cast into Polystyrene (PS) 44 
x 44 x 8 mm square dishes and the prepared silicone rubber molds for mechanical 
property testing purposes, and covered by glass sheets. The mold for bending test 
coupon was rectangular bar (60 x 12 x 3 mm) while the mold for compression test 
coupons was cylindrical shape (10 mm in diameter, length 20 mm). After gelation, the 
gels were still kept in the covered dishes for 2 weeks and then dried at room 
temperature for 1 week, followed by a curing process. The curing profile is illustrated 
in Fig. 4-3.  
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High-resolution SEM images were obtained on JEOL JSM-6340F field-emission 
scanning microscope while the lower magnification images were obtained on Leica 
Cambridge S360 scanning electron microscope with an acceleration voltage of 20 kV. 
The samples were coated with carbon for high resolution images and with Au for 
lower magnification images prior to measurement. 3-point flexural tests were carried 
out on a universal mechanical property test machine (Instron-UK190, load cell of 
1000N) with a test parameter of loading speed at 0.05 mm/min and span of 40 mm, 
while compression tests were carried out on a universal mechanical test machine 
(Instron-4505, max. load 100 kN) with loading speed at 0.1 mm/min. The thermal 
stability of the organic/inorganic composite was determined by thermo-gravimetric 
analysis (TGA: Q500, by TA Instrument) by heating in air over the temperature range 
of 30-900 oC at the ramp rate of 5 oC/min. The thermal conductivity of the composites 
was measured at 200 oC on a Laser Flash Apparatus (Netzsch LFA427).  
4.3. Results and Discussions 
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4.3.1 Microstructure of Different Types and Volume of Ceramics 
Filled Organic/inorganic Composites  
The SEM micrographs of fracture surfaces of silica-filled organic/inorganic 
composites with varied volume fraction of filler are shown in Fig. 4-4. Fig 4-4 (a) to (d) 
show the micrographs at 2000x magnification, while Fig. 4-4 (e) to (h) show the 
micrographs in 5000x  magnification for silica contents of 10%, 20%, 30% and 35% 
(all in volume). The majority of the silica filler is uniformly dispersed in the matrix as 
revealed in Fig. 4-4 (a) to (d). This might be attributed to the snow flake shape of silica 
which is easily dispersed. However, a small amount of aggregation of fillers less than 1 
um is visible in the high resolution micrographs in Fig. 4-4 (e) to (h), although the 
aggregates are surrounded by the matrix which is probably attributed to the similar 
chemical structure of the filler and the matrix. In addition, cracks are observed for the 
silica content at 35%, shown in Fig. 4-4 (h), which might be caused by exceeding the 
limit of incorporation of silica into the sol gel matrix.  
Fig. 4-5 (a) to (h) shows the SEM micrographs of fracture surfaces of SiC filled 
organic/inorganic composites in different volume fraction. The sequence of 
micrographs is the same as for the silica-filled composites shown in Fig. 4-4. Cracking 
of matrix is observed for the SiC content in the composites of 10%vol and 20%vol in 
the micrographs of Fig. 4-5 (e) and (f). This might be due to insufficient SiC filler 
distribution in the cracking region of the matrix caused by the bigger size and complex 
shape of SiC, leading to poor permeability in this region. In addition, cracking is 
observed in the composites of SiC content at 35% shown in Fig. 4-5 (d). This may be 
caused by exceeding the limit of incorporation of fillers in the matrix which is same as 
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silica-filled composites. Therefore, a smaller range of SiC content around 30% suits 
the sol gel matrix. 
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In order to enhance the performance of the composites filled by single filler, nano-
scaled alumina and titania particles were tried to be incorporated together with silica 
into the matrix. 5% of silica in the composites for the 30% of filler system was 
replaced by alumina or titania. Fig. 4-6 (a) to (d) shows the SEM micrographs of 
fracture surfaces of silica/alumina or silica/titania filled organic/inorganic composites. 
Aggregation of the nano-scale fillers in the composites and cracking caused by the 
same reason are revealed in the micrographs of Fig 4-6 respectively for the two fillers. 
Special dispersion method for incorporation of nano-scale fillers into the matrix is 
needed, which is not included in this study.  
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4.3.2 Comparison of Mechanical Properties Between Different  
Ceramic-filled Composites  
Fig. 4-7 shows the comparison of maximum flexural stress between two types (silica 
and SiC) and amounts (10%, 20%, 30% and 35% by volume) of ceramic-filled 
organic/inorganic composites. The maximum flexural stress for both silica and SiC 
filled composites increases with increasing the filler volume in the composites from 
10% to 30%, which may be attributed to the enhancement of the fillers to the 
composites and reduction of crack forming (especially for the SiC filled composites). 
However, when the filler volume fraction exceeds the limit (30% vol, for instance), the 
maximum stress of the composites is decreased. The maximum flexural stress for SiC-
filled composites can reach 25.9 MPa which is higher than those filled by silica at 15 
MPa. This might be attributed to the large fiber like SiC filler in the composites shown 
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in the SEM micrograph in Fig. 4-5 (g). Both filler systems show highest flexural stress 
at the volume fraction at 30%.  
Fig. 4-8 shows the comparison of maximum compression stress between two types 
(silica and SiC) and amounts (10%, 20%, 30% and 35% by volume) of ceramic-filled 
organic/inorganic composites. The maximum compression stress for the two filler 
systems is also as function of the volume of the fillers in the composites. The highest 
compression stress is achieved at the volume fraction of 30% in the composites, which 
is similar to the case of the maximum flexural stress.  
 
4.3.3 Effects of Dispersion Time on Microstructures and Mechanical 
Properties of Silica-filled Composites 
The status of dispersion of fillers in the matrix always plays important role in the 
microstructure and mechanical properties. Different dispersion time for silica-filled 
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composites was studied to obtain a better process window. Fig. 4-9 (a) to (f) shows the 
SEM micrographs of fracture surface of silica (30%vol)-filled composites in the 
 
dispersion time of 2, 6, 9, 12, 23, and 40 hours respectively. A very poor dispersion of 
silica in the matrix is revealed in the 2 hour dispersion micrograph, as shown in Fig. 4-
9 (a). The silica filler is not properly wetted due to the insufficient dispersion time. The 
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micrographs show a better dispersion for the time of 6 to 23 hours. The dispersion time 
of 12 hour may be optimum for the system, as shown in the Fig. 4-9. The micro holes 
are observed in the micrograph of the composites dispersed for 40 hours.  This might 
be caused by high viscosity of the composite slurry due to the cross linking of network 
through the condensation reaction during the long time dispersion.  
The plots of maximum flexural and compression stress vs. dispersion time for the 
silica (30%vol)-filled composites are shown in Fig. 4-10 and Fig. 4-11 respectively. 
Both the highest flexural stress and compression stress are obtained at the dispersion 
time of 12 hours at 23.5 MPa and 68.5 MPa respectively. This is consistent with the 
better dispersion status shown in the SEM micrographs of Fig. 4-9.  
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4.3.4 Thermal Properties of Ceramic Filled Composites 
4.3.4.1 Thermal Stability 
Fig. 4-12 shows the thermogravimetric analysis for the different volume fraction of 
silica filled organic/inorganic composites. Obviously, the composites filled by the 
different volume fraction of silica show a very stable resistance against thermal 
degradation below 400oC as the weight change is only 0.1%wt. when the temperature 
reaches 400oC. The results show a sudden weight loss at 625oC for all volume 
fractions of silica filled composites. This is because a drastic structure change occurs at 
600-700oC where Si-CH3 bonds are thermally cleaved to form Si-H bonds (Kamiya et 
al., 1990a, Vanbommel et al., 1991). 
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Fig. 4-13 shows the thermogravimetric analysis for the different volume fraction of 
SiC-filled composites. The composites are thermally stable up to 400oC which is 
similar to results obtained for the silica filled composites.  
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4.3.4.2 Thermal Conductivity 
Thermal conductivities of silica-filled organic/inorganic composites as function of 
volume fraction of the fillers are shown in Fig. 4-14. The thermal conductivity 
increases with increasing volume fraction of the fillers which might be attributed to the 
fewer micro holes in the composites obtained by higher content of fillers. The highest 
thermal conductivity of the composites filled by silica content at 35%vol and 30%vol 
are 0.614 W/mK and 0.455W/mK respectively.  
 
Images of final products (42 x 42 x 6 mm) of the experiments made by SiC (30%vol) 
filled and silica (30%vol) filled organic/inorganic composites are shown in Fig. 4-15 (a) 
and (b) respectively, which are smooth in surface morphology and visually crack free. 
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4.4 Summary 
Crack-free and castable organic/inorganic composites filled by silica and by SiC were 
developed. The highest flexural stress and compression stress were obtained at the 
volume fraction of 30% for both SiC and silica-filled composites. The best maximum 
flexural stress and compression stress for silica-filled composites are 23.5 MPa and 
68.5 MPa respectively while the best results achieved for SiC-filled composites are 
25.9 MPa and 57.3 MPa respectively. The optimized dispersion time of the silica 
(30%vol)-filled composite is 12 hours. The composites filled by the two types of 
ceramics are thermally stable up to 400oC. The thermal conductivity for the desired 
volume fraction of 30% of silica-filled composites is only 0.455 W/mK. 
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CHAPTER 5: DEVELOPMENT OF METAL-FILLED 
ORGANIC/INORGANIC COMPOSITES 
5.1 Introduction 
Metal powders as fillers incorporated into epoxy matrix have been used for tooling 
materials (Connolly et al., 1999, Tay et al., 2000). It makes possible to apply 
electroless nickel (EN) on to the metal filled composites to enhance hardness, 
conductivity, ductility, lubricity, wear, and abrasion resistance without affecting 
dimension accuracy (Tay et al., 2000). In this chapter, a few types of metallic fillers 
have been incorporated into sol gel matrix to form a composite. The successful 
candidates were deposited with electroless nickel layer.  
5.2 Experimental procedure 
5.2.1 Materials  
The organic/inorganic sol gel system developed in chapter three was used as the matrix 
of the composites. Four types of metallic particles were used as fillers. Table 5-1 gives 
the details of the fillers. The scanning electron microscope (SEM) micrographs of the 
fillers are shown in Fig. 5-1. 
5.2.2 The Route to Prepare the Composites  
The preparation procedure for metal-filled organic/inorganic composites is described 
in the highlighted right column in Fig. 5-2, which is similar but different only in a few 
steps as compared to the preparation of ceramic-filled composites.  The preparation for 
sol gel solution was described in chapter three: mixture of reactants, hydrolysis of the 
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precursors, and partial removal the methanol. Once the solution cooled down to room 
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The mixture of fillers and the sol gel solution was dispersed at a ball-mill bench for 18 
hours. The necessary dispersion time was a empirically determined in a few trials. The 
dispersion was degassed at a pressure of - 0.05 to - 0.09 MPa for 10 minutes in a UV 
Casting System (TEMPLESS 3.63, by Diavac Limited), cast into dishes and the test 
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coupon molds, and covered by glass sheets. After gelation, the gels were kept in the 
covered dishes for 1 week and then dried at room temperature for 1 week, followed by 
a curing process using the same curing profile as ceramic filled composites, shown in 
Fig. 4-3. After curing, the samples were dipped into a prepared sol gel solution which 
was the same as the one used for the sol gel matrix, re-filled in the UV Casting System 
at a pressure of - 0.08 to - 0.09 MPa for 10 minutes, and cured using the same profile. 
An electroless nickel (EN) layer was plated on the sample surface using the following 
process procedures: etching in a very strong acidic bath (H2SO4 75%vol + HF 25%vol) 
at room temperature for 50 to 60 seconds; activation in HCl 15-20%vol for 20 to 30 
seconds at room temperature; EN plating in a mid phosphorous bath (Enplate NI-425, 
Enthone) at 85-87oC for 2 hours.  Rinse in DI water was done between the process 
steps.  
SEM images were obtained on JEOL JSM-6340F field-emission scanning microscope 
and Leica Cambridge S360 scanning electron microscope with an acceleration voltage 
of 20 kV. The samples were coated with Au prior to measurement. 3-point flexural 
tests were carried out on a universal mechanical testing machine (Instron-UK190, 
1000N load cell) with loading speed at 0.05 mm/min and span of 40 mm, while the 
compression tests were carried out on a universal mechanical testing machine (Instron-
4505, max. load 100 kN) with loading speed set at 0.1 mm/min. The thermal stability 
of the organic/inorganic composites was determined by thermo-gravimetrical analysis 
(TGA: Q500, by TA Instrument) by heating in air over the temperature range of 30-
900 oC at the ramp rate of 5 oC/min. The thermal conductivity of the composites was 
measured at 200 oC on a Laser Flash Apparatus (Netzsch LFA427).  
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5.3. Results and Discussion 
5.3.1 Comparison of Microstructure and Mechanical Properties 
between Different Metal-filled Organic/inorganic Composites 
The volume fraction of the metallic fillers filled in the composites is 60% for stainless 
steel (SS420), nickel alloy (AI-1047) and Fe-Ni-Cr alloy, while the volume fraction of 
stainless steel SS42C is 50% which is maximum volume that can be incorporated. This 
might be due to its bigger surface area which was caused by the irregular shape of the 
filler. 
The SEM micrographs of fracture surfaces of different metals filled organic/inorganic 
composites before and after re-filling with sol gel solution are shown in Fig. 5-3. The 
micrographs shown in the left column of Fig. 5-3 are obtained from the non-filled 
composites while the ones in the right column are for the re-filled composites. The 
majority of different metallic fillers are uniformly dispersed in the matrix. Huge cracks 
are revealed in the micrographs of stainless steel ball (SS420) and nickel alloy ball 
(AI-1047) filled composites before re-filling while small cracks in the matrix are 
observed for the irregular shaped stainless steel particles (SS42C) filled composite. 
After re-filling with sol gel solution, cracks disappear for the SS42C filled and the AI-
1047 filled composites but still exist for the SS420 filled composite between the big 
sphere balls and the matrix. This might be caused by the difference of the shape of the 
fillers. The irregular shaped SS42C and the nodulose rough AI-1047 fillers are easily 
wetted with the sol gel solution while the sphere smooth SS420 filler is not wetted 
especially for the bigger ones.  
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Fig. 5-4 shows the maximum flexural stress for the different metal filled composites 
before and after re-filling by sol gel solution, while Fig. 5-5 shows the maximum 
compression stress for the same composites respectively. The maximum flexural stress 
and the compression stress are significantly increased after re-filling with sol gel 
solution because the majority of the cracks or gaps between the fillers and the matrix 
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are re-filled by the new matrix, which is in agreement with the SEM results. Both the 
highest maximum stress and compression stress are achieved by the stainless steel 
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(SS42C) filled composite at 8.4 MPa and 32.4 MPa respectively. However, the surface 
roughness of composite filled by SS42C (Ra = 10 um) is much higher than those filled 
by sphere shaped fillers (Ra = 2.5 um) such as SS420 and In-625 due to the bigger size 
and irregular shape of the SS42C filler. 
5.3.2 Effects of Incorporation of Two Types of Metallic Fillers into the 
Composites on Microstructure and Mechanical Properties 
As aforementioned in the previous section, incorporation of single metallic filler into 
the composites can not achieve both good mechanical properties and surface roughness. 
A combination of sphere shaped and smaller sized (10-60 um) stainless steel filler 
(SS420) and the irregularly shaped and bigger sized (50-100 um) stainless steel filler 
(SS42C) was incorporated into the sol gel system. The total volume in the composites 
is 60%. The ratio of SS420/SS42C is designed as 15/45, 30/30, 37.5/22.5 and 45/15. 
Fig. 5-6 (a) to (d) shows SEM micrographs of fracture surfaces of the combination of 
the two types of fillers in the ratio of 15/45, 30/30, 37.5/22.5 and 45/15 before re-
filling with sol gel solution, while Fig. 5-6 (e) to (h) shows the SEM micrographs for 
the above the samples after re-filling with sol gel solution. More cracks are revealed in 
the micrographs before re-filling with sol gel solution shown in Fig. 5-6 (a) to (d), 
while very few cracks are observed in the micrographs for all the combined fillers after 
re-filling with sol gel solution, shown in Fig. 5-6 (e) to (h).  
Fig. 5-7 shows the maximum flexural stress of the composites filled by different ratio 
of SS420/SS42C of metals before and after re-filling with sol gel solution, while Fig. 
5-8 shows the maximum compression stress of ratio of SS420/SS42C in the same 
sequence. The maximum flexural stress and the compression stress have increased 
significantly after re-filling with sol gel solution, which is consistent with the result of 
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incorporating single fillers. The maximum flexural stress varies in a small range of 10-
11.4 MPa with the change of ratio of SS420/SS42C, while the maximum compression 
stress also varies in a small range of 19.3-22.5 MPa. The highest maximum flexural 
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stress of 11.4 MPa is achieved at the ratio of 30/30, while the highest maximum 
compression stress of 22.5 MPa is obtained at the ratio of SS420/SS42C of 15/45. This 
means that the mechanical properties depend less on the ratio of the combined metallic 
fillers when the ratio of SS420/SS42C is in the range of 15/45 to 45/15, which is in 
agreement with the SEM micrographs of the fracture surfaces. 
Table 5-2 shows the roughness of cast composite surface prepared by different ratio of 
SS420/SS42C. With increasing the SS420 content in the combined metallic fillers, the 
surface roughness is significantly improved compared with the single SS42C-filled 
composites. When the ratio of SS420/SS42C is 30/30, the surface roughness reaches 
Ra 4.0 um while the roughness of single filler (SS42C) is Ra 10 um as stated in the 
previous section. This is attributed to the incorporation of smaller sized and sphere 
shaped stainless steel filler SS420.  
 
5.3.3 Thermal Properties of Metal-filled Inorganic/organic 
Composites 
Fig. 5-9 shows the thermogravimetric analysis results for different metal-filled 
organic/inorganic composites. The composites filled by different metals show a very 
stable thermal property up to 400oC with a negligible change of 0.02%. The sudden 
weight loses occurs at 625oC for the composites, which is consistent to the ceramic-
filled composites stated in chapter 4. This is caused by structure change which is 
explained in the previous chapter.  
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Fig. 5-10 shows the results of thermal conductivities of different metal-filled 
organic/inorganic composites. The thermal conductivity for the stainless steel filled 
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composites is in a range of 1.0 to 1.1 W/mK which is double of the conductivity of 
ceramic filled composites, while the conductivity of high nickel content alloy (In-625)   
filled composite is much lower (0.6 W/mK). This might be due to the lower thermal 
conductivity of high nickel content steel compared with stainless steel.  
5.3.4 Elctroless Nickel Plating on Stainless Steel Filled Composites 
An electroless nickel (EN) layer with thickness of 50 microns is deposited on the 
surfaces of stainless steel filled composites. Fig. 5-11 shows SEM micrograph of 
cross-sectioned EN layer on the combined metal filler (SS420/SS42C ratio, 30/30)- 
filled composite. Perfect adhesion between the EN layer and the substrate is obtained, 
which is attributed to the connection of the EN layer and the stainless fillers shown in 
Fig. 5-11.  
 
Images of EN plated final products (44 x 44 x 7 mm) of the experiments are shown in 
Fig. 5-12. The product a was made by combined metal (SS420/SS42C = 30/30)-filled 
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composites while product b was prepared with single SS42C filled composite, which 
shows a rougher surface than the former one, shown in Fig. 5-12.   
5.4 Summary 
Crack-free and castable organic/inorganic composites filled by single metallic filler or 
combined stainless steel fillers were developed. Incorporation of a combination of 
differently sized and shaped metallic fillers into the organic/inorganic sol gel system 
achieved moderate mechanical properties and surface roughness of the cast surface. 
The optimized combination ratio of stainless steel filler SS420/SS42C is 30/30. Re-
filling the cured composite with the sol gel solution improved its microstructure and 
increased the mechanical properties significantly. The best maximum flexural stress 
and compression stress for the composites filled by the optimized combination fillers 
are 11.4 MPa and 20.7 MPa respectively. The organic/inorganic composites filled by 
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metals are also thermally stable up to 400oC. The thermal conductivity for stainless-
steel-filled composites is only 1.1 W/mK.  
 
 79 
CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions  
 A flexible and crack-free sol gel matrix system can be prepared by combined 
precursor of MTMS and DMDS. 
 The optimized molar ratio of DMDS/MTMS in the sol gel matrix is 0.175. The 
cracking of gels occurs when the molar ratio is less than 0.15 or more than 0.1875. 
 Careful aging and drying must be carried out in a covered dish to prevent warping 
of gels. The process is slow, lasting at least 3 weeks. 
 Ceramic-filled organic/inorganic composites can be obtained by incorporating 
silica or SiC into the MTMS/DMDS sol gel matrix. 
 The optimized volume fraction of the ceramic fillers in the composites is 30%, 
with moderate mechanical and thermal properties. The organic/inorganic 
composites show a very high resistance against thermal degradation below 400oC. 
The thermal conductivity of composites filled by 30%vol. of silica is only 0.455 
W/mK.  
 Stainless steel particle filled organic/inorganic composites can be prepared. A 
combination of irregularly shaped and sphere-shaped stainless steel particle filled 
composites can achieve moderate mechanical strength and surface roughness of 
the cast surface of the composites. 
 Re-filling of the cured composite with the sol gel solution to improves its 
microstructure and increased the mechanical properties significantly. 
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 The organic/inorganic composites filled by metallic particles are also thermally 
stable up to 400oC. The thermal conductivity for stainless-steel-filled composites 
is 1.1 W/mK.  
 Electroless nickel layer can be deposited onto the stainless-steel-filled 
organic/inorganic composites with good adhesion. 
6.2 Recommendation 
 To shorten the process time and meet the rapid tooling applications, freeze-
gelation or freeze-casting techniques (Statham et al., 1998, Wei et al., 1996) can 
be applied to the preparation of the tooling materials by sol gel method. Although 
the gel will be more porous compared with the composites obtained by current 
process, it might be compensated by re-filling with sol gel solution or colloidal sol. 
The cost of the process will be higher than the current process. 
 To overcome the cracking or separation between the metallic fillers and the sol gel 
matrix which occurs in the current process, surface modification of the metallic 
fillers by a proper sol gel precursor or a colloidal sol can be tried before 
incorporating them into the sol gel matrix. This may enhance the cohesive affinity 
between the fillers and sol gel matrix. Due to time limitation, it was not tried in the 
project. 
 Further studies on the adequacy of properties and characteristics of composites 
prepared by sol gel method for tooling applications are needed. This will involve 
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